Abstract Disruption database and disruption warning database of the EAST tokamak had been established by a disruption research group. The disruption database, based on Structured Query Language (SQL), comprises 41 disruption parameters, which include current quench characteristics, EFIT equilibrium characteristics, kinetic parameters, halo currents, and vertical motion. Presently most disruption databases are based on plasma experiments of non-superconducting tokamak devices. The purposes of the EAST database are to find disruption characteristics and disruption statistics to the fully superconducting tokamak EAST, to elucidate the physics underlying tokamak disruptions, to explore the influence of disruption on superconducting magnets and to extrapolate toward future burning plasma devices. In order to quantitatively assess the usefulness of various plasma parameters for predicting disruptions, a similar SQL database to Alcator C-Mod for EAST has been created by compiling values for a number of proposed disruption-relevant parameters sampled from all plasma discharges in the 2015 campaign. The detailed statistic results and analysis of two databases on the EAST tokamak are presented.
Introduction
Plasma disruptions are an inevitable event of plasma discharge that leads to serious damage to the components and the lifetime of a tokamak. Large instabilities can result in burning plasma to begin to rapidly plummet, releasing the stored magnetic and thermal energy in a sequence, where the plasma current quench results from a catastrophic loss of confinement [1, 2] . The loss of energy confinement can pose large thermal loads to the plasma-facing components (PFCs) [3, 4] . The electromagnetic loads can induce the generation of runaway electrons [5−7] . Then runaway electrons can lead to PFCs and vessel damage. In the end, the 'angry' plasma can drift up or down and crash into the vessel and PFCs. The 'halo currents' can induce large forces on those components, which is caused by a vertical displacement event [8−10] .
As shown in Fig. 1 , a major disruption shot usually includes three phases. The first phase is the precursor phase before the disruption. The second phase is the thermal quench (usually less than 1 ms). Electron temperature can be obtained from the measurement of the soft X-ray emission. The third phase is the current quench (normally longer than 10 ms). Finally, runaway electron beams are generated from a fraction of instant decay of the plasma current [11] . Fig.1 Thermal quench phase and current quench phase when disruptions occur, and precursor phase before disruption from #56866 on EAST
The present ITER disruption database (IDDB) includes the disruption data of nine devices: TCV, NSTX, MAST, JT-60U, JT-60U, JET, DIII-D, ASDEX Upgrade, Alcator C-Mod and ADITYA [12] . It is formally structured as a single MDSPlus database, the ITER disruption database includes halo current table, general plasma pre-disruptive and current quench (CQ)  characteristics table and massive impurity injection  table. Only ADITYA is absolutely a circular limited configuration device. The remaining eight devices can be operated in a diverted configuration, although some of the submitted data may be from limited plasmas. With the exception of ADITYA, all devices use EFIT (a Grad-Shafranov equilibrium reconstruction code) codes to provide the IDDB plasma equilibrium parameters. Theoretically, the selected parameters of other devices would be referable for EAST.
According to Ref. [11] , 26.8% of plasma discharges were disruption shots in the last 2012 campaign on EAST. In addition, the risk of disruption damage will increase with the rise of heating powers of EAST. For EAST, 2 MW Electron Cyclotron Resonance Heating (ECRH), 12 MW Ion Cyclotron Resonance Heating (ICRH), 8 MW Neutral Beam Injection (NBI), and 10 MW Lower Hybrid Current Drive (LHCD) will be respectively added to the heating methods for the next campaign, so larger heat loads, electromagnetic forces and more runaway electrons will shorten the lifetime of the mechanical components and even destroy the devices if the discharges are ended with major disruptions. Therefore, the development of disruption avoidance and mitigation is necessary. To avoid disruptions or mitigate disruption damage, the development of warning and prediction algorithms is a prerequisite.
To study of the disruptions and disruption warning algorithms, a disruption database and a disruption warning database for EAST are urgent.
This paper is organized as follows: section 2 is a description of the disruption database and the disruption warning database created for the case studied, including the basic principles of the selected database parameters, while section 3 describes some statistics results of EAST disruption and the disruption warning database.
These include the disruption distribution of time and plasma current in the phase proceeding the disruptions. The parameters characteristic behaviors as a function of time before the disruptions occur are shown, and the analysis results obtained from the EAST disruption warning database are discussed. Finally, section 4 summarize the results and conclusions.
Generation of the databases
EAST is a full superconducting tokamak with shaped poloidal cross-section. The designed parameters are: R=1.7-1.9 m, a=0.4-0.45 m, B t =3.5 T at 1.7 m, I p =1 MA with SN/DN and limiter configuration. A new disruption database and disruption warning database of EAST had been established. The disruption database comprises physics parameters data of all disruption discharges. It is useful for quickly selecting disruptive shots and their relevant parameters, which include current quench characteristics, EFIT equilibrium characteristics, kinetic parameters, halo currents, vertical motion, etc. The major disruptions on other devices are caused by these reasons: the beta limit, the low density locked mode, density limit, human error etc. Most of the disruptions are caused by vertical displacement events and impurity events on EAST.
In our disruption database, we store general parameters information about all disruption shots. The plasma parameters of a disruption discharge include plasma current and toroidal magnetic field, electron density, plasma duration, safety factor, radiation power, and auxiliary heating power, etc. A detailed description of the disruption contents will be given in Table 1 . A similar approach has been used for Alcator C-Mod.
The following EAST disruption criteria (partially based on those used by Robert Granetz and Steve Wolfe for Alcator C-Mod) are used to determine the disruptivity, and the detailed criteria could be adjusted if the discharge parameters change in the future. In this paper, we will focus on the occurrence of the current quench. To detect the disruption shots, the program generating the disruption database requires the following conditions: a. shot duration > 0.6 s, shot duration is the duration time of the selected disruption discharge, the length of pulse should be longer than 0.6 s, this criteria appears to exclude all short discharge shots.
b. abs(Ip max) > 0.2 MA, the abs(Ip max) means the absolute value of the largest plasma current. The largest plasma current of selected disruption shot should be larger than 0.2 MA, this criteria reject very low plasma current shots.
c. Ip0/Ip max > 0.33, this criteria is used to reject shots that disrupt late in current ramp down phase. Ip0 means the plasma current at disruption time, and Ip max means the largest plasma current of the shot.
d. Ip0/max dIdt < 0.05 s, reject shots with relatively slow current decay, this criteria means that the current quench time should be shorter than 50 ms, typically this value is 10 ms. The time of maximum abs(dI/dt) is the disruption time for this paper.
e. |Ip final | < 100 kA within 0.15 s of t disrupt, this criteria reject minor disruptions.
f. abs(Ip0) > 0.1 MA, the abs(Ip0) means the absolute value of plasma current of disruption time. This criteria rejects very low current disruptions. The structure of the EAST disruption database is a single MDSPlus database, just like IDDB. As all disruption databases of the IDDB devices are built from all non-superconducting tokamaks disruption data, the EAST disruption database will give disruption data of a full superconducting tokamak with shaped poloidal cross-section.
The existing disruption database is very useful for determining scalings, such as halo current vs plasma current & safe factor q 95 , effectiveness of mitigation, and disruption statistics, but it is not very useful for determining which parameters are useful for predicting an impending disruption. It only contains data at the time of the disruption or the last EFIT time before the disruption, and only on shots that disrupt. For this purpose, a database containing disruption-relevant parameters at many different time slices on each plasma shot, and for both disruptive and non-disruptive shots, would be very meaningful for disruption prediction.
The selected disruption parameters have typically been considered in terms of some global parameters as similar in Ref. [13] . For example, the limit on the plasma pressure is traditionally quoted of the normalized β N , defined as β N = aB T β T /I P . When a conducting wall does not exist, the value of β N at which instabilities occur depends on the pressure profiles, the plasma current shape, boundary shape and aspect ratio [14, 15] . When a conducting wall exists, a stabilizing effect will be provided by image currents in the wall, so the β N limit can be higher [15−17] . The distribution of β N in a different time slice before disruption will be useful for the disruption warning database.
We also have created a similar SQL database to Alcator C-Mod for EAST by compiling values for a number of proposed disruption-relevant parameters (as are shown in Table 2 ) sampled at many different times from all plasma discharges in the 2015 campaign. In fact, the disruption warning databases for Alcator CMod and EAST each contains parameter values from well over 100000 time slices, there will be a paper about the databases for disruption warning research on Alcastor C-Mod and EAST tokamaks in the next step. Fig. 2 shows histograms of the loop voltage from the disruption warning database of EAST's 2015 campaign at all times for all non-disruptive shots, and 240 ms before disruptions, 50 ms before disruptions and 10 ms before disruptions. For the times that are well before disruptions (and for non-disruptive shots), the V loop is mostly <2 V, and only 0.7% of the data has Ip error < −30 kA. But at 10 ms before disruptions, there are half of disruption time slices with V loop >2 V. A very simplistic disruption predictor, namely "V loop > 2 V", would provide a 10 ms warning on nearly half of all disruptions, with an acceptably low rate of false positives. That means loop voltage is a pretty good prediction parameter for EAST. Fig. 3 . A large number of disruptions (10952 shots) that occurred in the history of operation on EAST have been analysed with the statistics distributions of disruption time and plasma current in Fig. 4 . The distribution of stored energy from the equilibrium reconstruction and the plasma temperature at the disruption time is shown in Fig. 5 . The next step of disruption research is to classify the disruptions into several groups according to the disruption mechanism. Now we had added the disruption reasons into the logbook of EAST operation. The reasons included physics reasons (density limit, impurity event etc.) and technical reasons (PF error, Human Error, PCS fault, Reciprocating probe etc.). Fig.4 Distribution of plasma current of disruption shots at t-disrupt and distribution of t-disrupt of all disruption shots (this probability is different from Fig. 2 ) Fig.5 Distribution of W mhd and plasma temperature at disruption time (this probability is different from Fig. 2) 
The statistic analysis of disruption warning database
The proposed disruption-relevant parameters are largely based on those used by Gerhardt [10] , and include such intuitive quantities as Ip error, radiated power fraction, Z error, as well as a number of magnetic equilibrium parameters derived from EFIT reconstructions. The selected parameters are shown in Table 2 .
In order to quantitatively assess the usefulness of various plasma parameters for predicting disruptions, it is necessary to know their characteristic behaviors as a function of time before the disruptions occur, and just as importantly, their behaviors on nondisruptive discharges as well. To realize this, we have created similar SQL databases for both Alcator CMod and EAST by compiling values for a number of proposed disruption-relevant parameters sampled at many different times from all plasma in the 2015 campaigns on the respective machines. In order to keep this size of the databases to a manageable level, while still capturing the desired evolution of parameters prior to disruption, non-uniform time sampling has been used, with relatively slow sampling rates during discharge flattops (1 s), moderate sampling rates during rampup and rampdown (0.1 s), and high sampling rates for a fixed period of time before each disruption (0.01 s). This is particularly important for EAST, which had some discharges as long as 35 s in the 2015 campaign. The distribution of Ip error (IpIp programmed ) vs time before disruption (0-250 ms before disruption) is shown in Fig. 6 . Fig.6 The evolution of Ip error distribution before disruption
As indicated in the previous section, there are many potential precursors present before disruption occurs on EAST. Individual precursor signals for their suitability as disruption predictors will be discussed in this section. Fig. 7 shows histograms of Ip error from the EAST database at all times for all non-disruptive shots, and 240 ms before disruptions, 50 ms before disruptions and 10 ms before disruptions. For the time well before disruptions occur (and for non-disruptive shots), the absolute Ip error is mostly < 20 kA, and only 0.7% of the data has Ip error < −30 kA. But at 10 ms before disruptions, there are many time slices with larger Ip error. A very simplistic disruption predictor, namely "Ip error < −30 kA", would provide a 10 ms warning on 44% of all disruptions, with an acceptably low rate of false positives, but it would miss 56% of all disruptions. So, as with Alcator C-Mod, it is found that additional parameters need to be included in an optimal warning algorithm for EAST.
So far, these databases have been used to manually focus on individual parameters.
But the large amount of data contained in these databases opens up the possibility of using more sophisticated 'machine learning' techniques to extract out more complicated relationships and dependencies between parameters, and the development of advanced warning algorithms.
To realize the effect of plasma disruption on the superconducting magnet [18−20] on EAST, the outlet temperature rise of central solenoid coils was studied. The magnet system includes: 14 Poloidal Field (PF) coils and 16 D-shaped Toroidal Field (TF) coils. PF coils comprise 4 large Poloidal Field coils, 4 divertor coils and 6 central solenoid (CS) coils. Due to the short time scale of plasma disruptions (in a time scale of 10-100 ms), the CS and PF coils will generate induced currents, then induced currents will lead to variation of the magnetic field. The outlet temperature of the total CS1-6 coils is measured by a temperature sensor, which is shown in Fig. 8 . The minimum temperature T min and the maximum temperature T max are obtained by the sensor, and the outlet temperature rise of CS coils, ∆T, is calculated by subtracting the T min from T max , ∆T = T max − T min . Fig.8 Outlet temperature rise of CS1-6 coils with respect to time for continuous discharges (# 30588-30591). Every peak represents one shot. Tmin is the minimum temperature which is achieved ahead of plasma discharge. Tmax is the maximum temperature which is obtained after plasma discharge Fig. 9 shows the temperature rise of CS1-6 between normal shots and disruption shots for LHCD discharges. It is shown that the outlet temperature rise of CS1-6 coils of disruption shots is lower than that of good shots. Fig. 10 shows the ohmic discharges results, which is similar with that of LHCD discharges. It also can conclude that the plasma disruption does not cause a significant effect on the superconducting magnet considering the shielding effect of the vacuum vessel and cooling shields when the plasma current range is from 600 kA to 800 kA. But it is still necessary to analyze the effect while the plasma current is close to 1 MA. It is shown that the effect of plasma disruption on the outlet temperature of CS coils is a small value. Indeed, the discretization error of experimental data is bigger than the value. That means the outlet temperature rise of CS1-6 coils caused by plasma disruption cannot be observed in experimental data obviously. Besides, the temperature rise is still a small value when the maximum temperature of CS coils increases in the plasma disruption. The detailed presentation can be seen in Ref. [21] . Fig.9 The comparison on the effect of temperature rise in CS coils between good shots and disruption shots for LHCD discharge Fig.10 The comparison on the effect of temperature rise in CS coils between good shots and disruption shots for ohmic discharge
Summary and conclusions
To sum up, the statistic results and analysis of two databases on the EAST tokamak are presented. The disruption database is based on SQL, and 41 parameters are defined for each disruption record. A large number of disruptions (10952 shots) that occurred in the history of operation on EAST have been analysed with the statistics distributions of disruption time and plasma current. From the discussion above, the influence of plasma disruption on CS coils can be neglected. Particularly, focussing our attention on the EAST disruption warning database, we will exploit more sophisticated machine learning techniques instead of focusing on individual parameters to extract out more complicated relationships and dependencies between parameters, and the development of a more advanced warning algorithm. The analysis of disruption warning parameters looks very promising especially for the real time control of the plasma before disruption. The subsequent work of this paper is to analyse in detail the remaining parameters of the disruption warning database and test disruption warning algorithms on the database. Anyhow, the present results encourage us. In the future, disruptions classification and more efficient machine learning methods will be developed for data analysis based on the EAST disruption warning database.
In principle, the disruption-relevant parameters in the Alcator C-Mod and EAST disruption warning databases could be available in near real time, and their plasma control systems could implement an optimal disruption prediction algorithm to provide a warning that could be used to move the plasma to a less unstable state to avoid a disruption, or to trigger a disruption mitigation system.
